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The potent ia l of radar data in the operational phases of cloud seeding 
projects , in research concerning ha i l physics, and as a single-instrument source 
of surface ha i l occurrence data makes it imperative that thorough invest igations 
of radar-hai l re la t ions be pursued. Previous radar-hai l investigations (Wilk, 
1961) have not provided resu l t s that can be used to evaluate adequately radar 
as a detector of surface h a i l . The Russian hailstorm seeding ac t i v i t i e s 
(Sulakvelidze, 1966) have been anchored to the operational use of radar to detect 
storms for seeding and to study changes produced in radar echoes af ter seeding. 
The poss ib i l i ty that radar could also provide a measure of a l l hailstorms (the 
number and areal extent over a seeded area) is of equal importance in many 
potent ia l seeding areas where the collection of surface h a i l data is very 
d i f f i cu l t or impossible (Rinehart and Staggs, 1968). 
The research project described in th is report was an outgrowth of an 
e a r l i e r Water Survey h a i l research program. The four major phases of the 
I l l i n o i s h a i l research have been: 
1. Analyses of various h i s t o r i c a l h a i l data to determine the 
most meaningful s t a t i s t i c a l seeding designs and methods 
of evaluation. 
2. Studies of various past and recent surface ha i l data collected 
in I l l i no i s to provide basic s t a t i s t i c s on hailstorm 
charac te r i s t i cs . 
3. Development of a recording hailgage and passive h a i l 
instruments that would provide objective measures of 
h a i l f a l l in tensi ty for employment in ha i l study areas. 
4. Radar-hail investigations to determine the capabili ty of 
radars to detect storms producing h a i l . 
The l a s t two phases were pointed toward a problem inherent in potent ia l 
h a i l modification projects in many areas. That i s , existing data, which are 
mostly hail-days data for a few discrete points or crop-loss data from insurance 
records, are often not adequate in h i s t o r i c a l length, areal coverage, or 
objectivity to monitor the resu l t s of seeding projects (Changnon, 1969). Thus, 
other re l iable means of providing meaningful h a i l data are needed. 
This par t icu la r research project , NSF GA-4618, concerned radar-hai l 
investigations involving a specially modified RHI (TPS-10) radar and a nearby 
dense surface ha i l network within a 1000-square-mile area. This work was 
proposed because of the RHI-hail resu l t s for one h a i l day in September 1967 
proved that more useful information on the detec tabi l i ty of hailstorms (and 
non-hailstorms) and on the physics of hailstorms could be gained from the almost 
instantaneous echo intensi ty information collected by rapid radar scanning over 
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a r e s t r i c t e d s e c t o r (S taggs , 1968). The radar loca t ion and the h a i l network 
employed in t h i s p a r t i c u l a r p r o j e c t are shown in Figure 1. 
The two major goals of t h i s s p e c i f i c r e sea rch p r o j e c t were: l ) to 
study fu r the r the de t ec t ion of h a i l by radar using an RHI system s p e c i a l l y 
modified and operated in a mode to p resen t 3-dimensional and 8 - r e f l e c t i v i t y 
l e v e l p o r t r a y a l s of a l l echoes over and around a 1000-square-mile h a i l 
network, and 2) to develop an a n a l y t i c a l system involving echo d i g i t i z a t i o n 
and computer process ing to handle and reduce the immense volume of r ada r 
da ta genera ted by t h e system and i t s mode of ope ra t i on . 
The TPS-10 3-cm radar has rap id v e r t i c a l scanning t h a t pe rmi t t ed 
r e l a t i v e l y ins tan taneous v e r t i c a l measurements of echo r e f l e c t i v i t y . Fur ther 
modi f ica t ion of the radar to increase the r a t e of data c o l l e c t i o n included use 
of s e c t o r scanning over the network, add i t ion of i so-echo con tour ing , addi t ion 
of a second r e c e i v e r , add i t ion of a second RHI scope , and the simultaneous 
photography of two RHI scopes wi th each d i sp lay ing d i f f e r e n t r e f l e c t i v i t y 
l e v e l s . The 1000-square-mile h a i l network could be scanned completely in 50 
seconds with four g a i n - s t e p ( r e f l e c t i v i t y ) l e v e l s dep ic ted . Four d i f f e r e n t 
( lower) gain l e v e l s were then au tomat ica l ly photographed in t h e next 50 seconds 
of the r e t u r n sweep of the r ada r across the network s e c t o r . Thus, a complete 
8 g a i n - s t e p p i c t o r i a l of a l l storms in th ree dimensions wi th in the study area 
could be obta ined in 100 seconds . However, with two photographs (one of each 
scope) made for every 2-degree (antenna beam width) s e c t o r , or once every 
second, t h i s r ap id scan and da ta a c q u i s i t i o n r a t e y i e lded approximately 200 
scope photographs per 100-second pe r iod . 
Data reduc t ion and ana lys i s of such voluminous r ada r da ta plus the 
h a i l da ta c o l l e c t e d during a few ope ra t i ona l pe r iods would be a v i r t u a l l y 
impossible task manually. Hence, the second aspec t and goal of the p r o j e c t 
was to develop a technique to machine-process the radar and h a i l da t a . 
Development of such a technique would be necessary and inva luable a id in 
fu ture r e a l - t i m e opera t ions of a r adar system for h a i l d e t e c t i o n . In the 
technique developed, the filmed radar-scope da ta were t r a n s l a t e d i n t o punch 
c a r d s , using an OSCAR cha r t reading device to d i g i t i z e the RHI da ta . These 
da ta p lus the sur face h a i l da ta on loca t ions and times were then fed i n t o 
the IBM 360-75 computer where much of the 2- and 3-dimensional echo analyses 
were performed. Such a da ta reduc t ion and a n a l y t i c a l process was found to be 
e s s e n t i a l to handle and study the la rge volume of data t h a t was produced from 
the r a p i d - c y c l i n g , i so-echo contouring of the r a d a r echoes on th ree h a i l days. 
Although f i n a l ana lys i s of a l l the RHI computerized da ta is no t complete, 
the technique of computer ana lys i s inc luding programming has been completed. 
In t h i s r e p o r t , s e l e c t e d r e s u l t s of an e a r l i e r CPS-9 r a d a r - h a i l study 
are p r e sen t ed . The RHI r a d a r ana lys i s technique and s e l e c t e d r e s u l t s from 
the computer are p resen ted p lus r e s u l t s from a study of RHI echo bases and 
tops from a major h a i l day. Subsequent s e c t i o n s descr ibe personnel involved 
in the p r o j e c t and the r e p o r t s and p u b l i c a t i o n s derived from the r e sea r ch . 
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Figure 1. Radar site and hail network in Central Illinois. 
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OPERATIONS AND DATA 
The plan of the p r o j e c t c a l l e d for a c o l l e c t i o n of r ada r and h a i l da t a 
during the May-September pe r iod of 1968, followed by a 6- to 12-month pe r iod 
of a n a l y s i s . The h a i l network was put i n t o opera t ion in May 1968, but the 
r ebu i ld ing and modif ica t ion of the TPS-10 radar to provide the two scopes and 
r e l a t e d e l e c t r o n i c f ea tu re s des i r ed for the s p e c i a l opera t ions were no t 
completed u n t i l l a t e August 1968. This delay p lus the lack of h a i l occurrences 
in September 1968 r equ i r ed a second o p e r a t i o n a l season in 1969 to secure da ta 
reasonably adequate to reach the goals of t h i s p r o j e c t . However, t h i s delay 
inc reased the length of the p r o j e c t approximately one year over t ha t p lanned. 
The h a i l study a rea included 196 recording ra ingages loca ted in a 
1600-square-mile a r ea . Each gage had been modified to record the occurrence 
of h a i l as we l l as t h a t of r a i n f a l l so t ha t the r a i n c h a r a c t e r i s t i c s occur r ing 
with h a i l could be s t u d i e d . Secondly, 260 farmers in t h i s 1600-square-mile 
a rea were vo lun tee r h a i l o b s e r v e r s , each being furnished d e t a i l e d r e p o r t i n g 
cards to complete and mail upon the occurrence of h a i l . Several observers were 
a l so telephone r e p o r t e r s of h a i l . Hai l da ta a l so came from a l l the c r o p - h a i l 
insurance companies in the network a r e a , each of whom suppl ied d e t a i l e d a d j u s t o r 
l o s s worksheets for a l l damaging storm days. Within the average network a r e a , 
a 1000-square-mile h a i l network area was e s t a b l i s h e d with a ha i lpad i n s t a l l e d 
at each of the 100 r a i n g a g e s , as denoted in Figure 1. A dense ha i lpad network 
was i n s t a l l e d wi th in t h i s 1000-square-mile h a i l network with a ha i lpad for each 
square mile forming a 10-by-10 mile square ( F i g . 1 ) . A f u r t h e r data c o l l e c t i o n 
f a c i l i t y was i n s t a l l e d in the network during 1969 when 13 recording ha i lgages 
were i n s t a l l e d and opera ted . Hai l network opera t ions were performed from May 
through September in 1968, and from Apr i l through October 1969. 
Radar opera t ions occurred on 71 days wi th in the September 1968 and the 
l a t e May-early October 1969 p e r i o d s . Radar echoes were s u f f i c i e n t l y convect ive 
in na ture to r e q u i r e scope camera opera t ions on 50 of the 71 ope ra t i ona l days 
(Table 1 ) . Camera opera t ions on the two RHI scopes occurred on 109.2 h o u r s , 
and r e s u l t e d in a combined t o t a l of 21,000 fee t of 16-mm f i lm. The number of 
days with useful da ta and non-useful da ta during the r ada r o p e r a t i o n a l pe r iods 
of 1968 and 1969 are shown in Table 1. Of the e i g h t h a i l days on the network, 
only th ree had da ta t h a t could be c l a s s i f i e d as u s e f u l . Of the o the r f ive h a i l 
days , two had non-useful da ta because of equipment f a i l u r e s , one because of 
non-radar opera t ions ( h a i l between 0330 and 0420) , and two because the h a i l did 
no t f a l l at any instrument or l oca t i on where the time of h a i l was a c c u r a t e l y 
recorded. Deta i led study of h a i l with r ap id - cyc l i ng radar da t a r equ i r e s very 
accura te h a i l f a l l da ta to p o s i t i o n the h a i l c a r e f u l l y in space and time with 
r e s p e c t to the echo. Thus, the delay of opera t ions through most of the 1968 
season was doubly u n f o r t u n a t e , s ince the major ope ra t i ona l per iod of the r ada r 
system then occurred during the very low frequency h a i l season of 1969. Only 
seven h a i l days occurred in the 1000-square-mile network during the l a t e 
May-early October 1969 p e r i o d , whereas t h a t same per iod included 18 h a i l days 
in 196 8 and 15 h a i l days in 1967. 
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Table 1 . Radar d a t a c o l l e c t i o n p e r i o d s i n 1968-1969 . 
Number of Days and Hours 
w i t h P h o t o g r a p h i c Da ta Number of H a i l Days 
9 / 6 8 8 30 .0 1 1 
5/69 2 2 . 5 0 1 
6 /69 12 2 4 . 9 1 1 
7/69 15 2 9 . 4 0 1 
8/69 8 1 3 . 9 0 1 
9/69 4 7 . 3 1 0 
10 /69 1 1.2 0 0 
T o t a l s 50 1 0 9 . 2 3 . 5 
U s e f u l d a t a means t h a t a c c u r a t e t e m p o r a l h a i l d a t a were a v a i l a b l e p l u s 
s a t i s f a c t o r y r a d a r o p e r a t i o n s , and n o n - u s e f u l means one o r b o t h o f t h e 
two d a t a s o u r c e s f a i l e d . 
ANALYTICAL PROCEDURES 
The echo d a t a were c o n v e r t e d from f i lm to a d i g i t a l format w i t h t h e 
use of a B e n s o r - L e h n e r d e c i m a l c o n v e r t e r (OSCAR) whose o u t p u t was r e c o r d e d on 
IBM c a r d s . Complete i n t e n s i t y and t i m e - c o d e d c o o r d i n a t e i n f o r m a t i o n on a l l 
c o n t o u r l e v e l s o f each c y c l e were d i g i t i z e d . The t e c h n i q u e gave a r e p r o d u c t i o n 
a c c u r a c y (machine and o p e r a t o r ) of ± 500 f e e t in any d i m e n s i o n . The c a r d 
o u t p u t was t hen p r o c e s s e d b y t h e computer which g e n e r a t e d " c o r r e c t e d d a t a " 
t a p e ( s e e A p p e n d i x ) . This c o r r e c t e d d a t a t a p e d e f i n e d a s e r i e s o f 
compu te r - a s semb led 3 - d i m e n s i o n a l echo maps w i t h a r a n g e - c o r r e c t e d Z e (mm6m - 3) 
computed f o r each e l e m e n t o f vo lume. Also i n c o r p o r a t e d i n t h e s e t a p e s were 
t h e p o s i t i o n s and t i m e s o f h a i l f a l l s a s o b t a i n e d from t h e ne twork d a t a s o u r c e s . 
These d a t a t a p e s r e p r e s e n t e d m a t e r i a l r e ady f o r computer p r o c e s s i n g o f t h e i r 
r e f l e c t i v i t i e s and v o l u m e s . The s t a t i s t i c s r e l a t i n g t o t h e a n a l y t i c a l 
d i g i t i z a t i o n o f t h e r a d a r f i l m d a t a a r e p r e s e n t e d i n Table 2 . A l l p e r i o d s 
of h a i l f a l l on each day were d i g i t i z e d p l u s 10 to 30 m i n u t e s o f echo d a t a 
p r i o r t o t h e f i r s t s u r f a c e h a i l . The d a t a sample a v a i l a b l e f o r a n a l y s i s 
i n c l u d e s s i x h a i l - p r o d u c i n g echoes and t h r e e n o - h a i l p r o d u c i n g e c h o e s . S e v e r a l 
o f t h e h a i l - p r o d u c i n g echoes p r o d u c e d more t h a n one h a i l s t r e a k . The t o t a l 
amount o f d a t a d i g i t i z e d i n c l u d e d 221 m i n u t e s o f r a d a r echo d a t a , and t h i s 
r e q u i r e d 771 man-hours to d i g i t i z e and 82,000 IBM c a r d s . This d a t a r e d u c t i o n 
a p p r o a c h , a l t h o u g h t i m e consuming and an a n a l y s i s of on ly 2 p e r c e n t of t h e 
s cope p h o t o g r a p h s , r e q u i r e d only 2 p e r c e n t o f t h e t ime t h a t would have been 
needed b y s t a n d a r d manua l a n a l y s e s . 
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Table 2 . S t a t i s t i c s o n t h e r a d a r echo d a t a d i g i t i z e d f o r computer 
s t u d y o f h a i l and n o - h a i l echo c h a r a c t e r i s t i c s . 
9 / 2 3 / 6 8 4 1 1026-1100 95 1 7 1 20,000 
1147-1246 
6 / 2 2 / 6 9 1 1 1613-1737 85 275 36,000 
9/ 5/69 1 1 1525-1605 41 325 26,000 
T o t a l 6 3 221 771 82,000 
An e c h o e n t i t y i d e n t i f i e d by a r e f l e c t i v i t y c o n t o u r of Z e = 10 3 (mm 6 m - 3 ) . 
For c h e c k i n g p u r p o s e s and a s a n a i d i n s t u d y i n g t h e echo c h a r a c t e r i s t i c s 
o f h a i l s t o r m s , p l a n - p o s i t i o n maps o f Z e c o n t o u r s were drawn by a Calcomp p l o t t e r 
( F i g . 2 ) u s i n g t h e c o r r e c t e d d a t a t a p e . These maps were p l o t t e d w i t h a Z e 
c o n t o u r f o r e a c h 1/2 o r d e r o f magn i tude o f Z e 1 0 3 (mm6m - 3) and a t each 2 , 0 0 0 - f t 
e l e v a t i o n l e v e l f o r a l l r a d a r c y c l e s encompass ing h a i l p e r i o d s i n t h e n e t w o r k . 
The f o u r l o c a t i o n s o f h a i l f a l l e x i s t i n g i n t h e 2 -minu te p e r i o d r e p r e s e n t e d i n 
F i g u r e 2 a r e shown by a s t e r i s k t y p e s y m b o l s . 
For e a c h echo t h a t p r o d u c e d h a i l a t t h e g round and f o r s e l e c t e d n o - h a i l 
e c h o e s , t h e computer was u s e d ( s e e Appendix) t o p r o d u c e t a b l e s ( f o r each 
100- second r a d a r sweep c y c l e ) o f a r e a s o f Z e f o r each 1/2 o r d e r o f magn i tude 
o f Z e 1 0 3 mm6m-3 a t each 2 , 0 0 0 - f t e l e v a t i o n , volumes o f Z e f o r each 1/2 o r d e r 
o f m a g n i t u d e o f Z e 1 0 3 mm 6 m - 3 , and t h e v a l u e and l o c a t i o n o f t h e maximum Z e 
of each e c h o . 
The c e n t r o i d o f t h e maximum Z e c o n t o u r a t each 2 , 0 0 0 - f t l e v e l i n h a i l 
e c h o e s was computed. From t h i s p o i n t t h e change o f r e f l e c t i v i t y was c a l c u l a t e d 
f o r each 1/2 m i l e o n 4 5 - , 9 0 - , 1 3 5 - , 1 8 0 - , 2 2 5 - , 2 7 0 - , 3 1 5 - , and 3 6 0 - d e g r e e 
r a d i a l s . These v a l u e s , u sed i n c o n j u n c t i o n w i t h t h e t i m e o f h a i l o c c u r r e n c e , 
were i n v e s t i g a t e d f o r any c h a r a c t e r i s t i c s t h a t cou ld b e u s e d t o d i s t i n g u i s h h a i l 
e choes from n o - h a i l e c h o e s . 
RESULTS 
CPS-9 R a d a r - H a i l Echo S tudy 
The I l l i n o i s i n v e s t i g a t i o n s o f r a d a r - h a i l r e l a t i o n s h i p s i n 196 7 were 
l a r g e l y c o n c e r n e d w i t h r e f l e c t i v i t y a n a l y s e s o f PPI d a t a o b t a i n e d w i t h a CPS-9 
3-cm r a d a r s y s t e m ( R i n e h a r t , S t a g g s , and Changnon, 1 9 6 8 ) . This s t u d y was 
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Figure 2. Calcomp plotted PPI from digitized RHI data for 23 September 1968 
at 11:52:59-11:54:42 CDT. The altitude is 2,000 ft and reflectivity 
contours are for half-orders of magnitude (the outside contour 
is 103 mm 6m - 3). 
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performed as part of an e a r l i e r NSF grant (GA-482) and is described elsewhere 
(Changnon, 1969). However, a certain study of echo cha rac te r i s t i c s , as 
determined from the analysis of the PPI and available h a i l data, was completed 
and summarized under NSF GA-4618. 
This l a t e r study provided resul ts on various hail-echo character is t ics 
including locat ion, duration, direction of motion, speed, time of occurrence, 
r e f l ec t iv i ty values, echo-top heights , and associated synoptic weather conditions 
for 103 hail-producing echoes. These resu l t s were compared with those obtained 
for 50 no-hail echoes. From these analyses, models of typical I l l i n o i s hailstorm 
echoes are developed, and resul ts that have meaning for e i ther hailstorm 
ident i f ica t ion or hailstorm physics are ident i f ied and summarized. 
The radar data consisted of PPI photographs taken in CPS-9 radar operations 
on .24 days during April-September 1967. The radar was operated with a maximum 
range of 80 naut ica l miles and with automatic sequential an tenna- t i l t and 
receiver gain reductions (gain s t e p ) . A photograph was taken at each t i l t angle 
and gain s tep . The surface reports of h a i l and no-hail came from a network of 
1,380 cooperative h a i l observers and two smaller networks of 65 raingage-hailpad 
s i t e s in an 18,000-square mile area encompassing central I l l i n o i s . These sources 
provided a t o t a l of 352 observer reports of h a i l time, 271 observer reports of 
no-ha i l , and 130 hail- t ime occurrences from the raingage-hailpad s i t e s for the 
24 days studied. Details on the analyt ical procedures and the many resul ts can 
be found in a published paper (Towery and Changnon, 1970). 
Results . Of prime importance were the facts that hail-producing echoes 
exhibited considerable var iab i l i ty in t h e i r durations, directions of motion, 
speeds, r e f l e c t i v i t i e s , and heights . Figure 3 shows that echo tops at h a i l 
time had exceptional range (some as low as 9,000 ft and one as high as 54,000 
ft at h a i l t ime) , and, on the average, exhibited a surge of growth in the 10 
minutes pr ior to h a i l . This suggests a strong convective surge during ha i l 
growth. 
Several comparisons between the 50 hail-echo tops and the 50 no-hail echo 
tops, a l l of which formed within radar range, were made. Figure 4 is a real 
time average height graph depicting curves for ha i l and no-hail echoes as 
s t r a t i f i e d by synoptic conditions. The average hail-echo tops were higher than 
those of the no-hail echoes in a l l but the e a r l i e s t 20 minutes of s tat ionary 
frontal echoes. The no-hail echoes exhibited very l i t t l e growth af ter the 
11-20 minute time in t e rva l , whereas the h a i l echoes almost always exhibited 
some increase af ter th is in te rva l . 
Table 3 shows probabi l i t ies for different frequencies of t a l l e r echoes 
that w i l l produce h a i l on any given h a i l day. Values indicate the possible 
confidence in predicting that t a l l echoes w i l l be hailstorms. These probabi l i t ies 
are based on a comparison of the heights of the 50 ha i l echoes with those of the 
50 no-hail echoes at formation, at average ha i l time (44 minutes after formation), 
and at d iss ipat ion. The t a l l e r half of the echoes on each day were used in t h i s 
analysis . The probabi l i t ies at formation time show that on 38 percent of the 
days 81 percent or more of the t a l l e r echoes wi l l become hai ls torms, and that 
on 54 percent of the days more than 60 percent wi l l become hailstorms. On 84 
percent of the h a i l days, more than 60 percent of the t a l l e r half of the echoes 
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Figure 3. Average height curve and 90 percent envelope curves (made by 
upper and lower bands) for hail echoes for time after echo formation 
Figure 4. Height curves of hail and no-hail echoes for three major 
synoptic weather categories for time intervals after formation. 
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a t h a i l t ime and a t d i s s i p a t i o n w i l l b e h a i l s t o r m s . S ince p r e d i c t i o n a t 
f o r m a t i o n t ime i s t h e mos t u s e f u l o p e r a t i o n a l k n o w l e d g e , i t i s i m p o r t a n t t o 
r e a l i z e t h a t o n 7 7 p e r c e n t o f t h e days more t h a n h a l f o f t h e t a l l e r e c h o e s 
a t f o r m a t i o n became h a i l s t o r m s , and on 54 p e r c e n t o f t h e h a i l days more 
t h a n 6 5 p e r c e n t o f t h e t a l l e r echoes became h a i l s t o r m s . 
Tab le 3 . D a i l y p r o b a b i l i t i e s t h a t t h e t a l l e s t h a l f o f t h e 
e c h o e s a t d i f f e r e n t s t a g e s w i l l p roduce h a i l . 
81-100 38 46 54 
61-80 16 38 30 
41-60 23 8 16 
21-40 23 8 0 
0-20 0 0 0 
*The h e i g h t s used f o r a n a l y z i n g n o - h a i l echoes were t h o s e a t t h e t ime 
c o r r e s p o n d i n g t o t h e a v e r a g e t ime o f h a i l (44 m i n u t e s a f t e r f o r m a t i o n ) , a s 
b a s e d o n a l l 5 0 h a i l e c h o e s . 
A n a l y s e s o f t h e e c h o c h a r a c t e r i s t i c s , when s o r t e d and t h e n g r o u p e d f o r 
t h e t h r e e p r i n c i p a l s y n o p t i c w e a t h e r c a t e g o r i e s , r e v e a l e d d i s t i n c t l y d i f f e r e n t 
and r e a s o n a b l e models f o r each ( T a b l e 4 ) . The h a i l - e c h o model f o r c o l d f r o n t s 
i s f a s t e r moving , a s would b e e x p e c t e d from t h e no rma l upper l e v e l s t e e r i n g 
winds w i t h c o l d f r o n t s , t h a n a r e t h e o t h e r echo m o d e l s . The c o l d f r o n t a l model 
a l s o i s t h e l o n g e s t l i v e d and h i g h e s t s t o r m ( e n t i r e d u r a t i o n ) , and has r e l a t i v e l y 
h i g h r e f l e c t i v i t i e s . The h i g h r e f l e c t i v i t y v a l u e s a l s o may r e l a t e t o t h e f a c t 
t h a t h a i l from c o l d f r o n t a l s t o r m s i s r e l a t i v e l y long l a s t i n g and t h a t c o l d 
f r o n t a l h a i l s t o r m s u s u a l l y a r e a s s o c i a t e d w i t h r e l a t i v e l y heavy r a i n f a l l 
(Changnon, 1 9 6 9 ) . 
The s t a t i o n a r y f r o n t a l model o f h a i l echoes i n d i c a t e s a r i g h t t u r n 
p r i o r t o t h e development o f h a i l . Newton (1963) has i n d i c a t e d t h a t s e v e r e 
s t o r m s embedded i n warm m o i s t a i r masses (which i s t h e case f o r t h i s c o n d i t i o n ) 
t e n d t o o b t a i n t h e i r i n d r a f t a i r a t low l e v e l s a long t h e i r s o u t h e a s t f l a n k . 
T h u s , new growth d e v e l o p s a l o n g t h e r i g h t f l a n k which r e s u l t s i n a n a p p a r e n t 
r i g h t t u r n i n such a n e n v i r o n m e n t . The p r e f e r e n c e f o r a f t e r n o o n echo deve lopment 
i n t h e s t a t i o n a r y f r o n t a l c o n d i t i o n s f u r t h e r r e f l e c t s t he i m p o r t a n c e o f 
l o w - l e v e l l o c a l h e a t i n g o n t h e deve lopment o f h a i l echoes u n d e r t h i s c o n d i t i o n . 
The t e n d e n c y f o r a l e f t t u r n b y h a i l e choes w i t h c o l d f r o n t s s u g g e s t s t h a t t he 
h e a v i e r p r e c i p i t a t i o n i n t h e s e s t o r m s e f f e c t i v e l y b l o c k s t h e p r i m a r y upward 
i n f l o w f o r t h e s t o r m ( P h i l l i p s , 1 9 6 9 ) . The p r i m a r y flow c i r c l e s inward o n t h e 
l e f t f l a n k , which r e s u l t s i n d i s p l a c e m e n t o f t h e u p d r a f t t o t h e l e f t and growth 
o n t h e l e f t f l a n k i n many c o l d f r o n t a l s t o r m s . 
Tab le 4 . Summary o f echo c h a r a c t e r i s t i c s f o r each s y n o p t i c c l a s s i f i c a t i o n . 
Cold f r o n t S t a t i o n a r y f r o n t Low 
Average s p e e d ( k t ) 30 21 25 
Average d u r a t i o n p r i o r to h a i l (min) 59 49 32 
Average t o t a l d u r a t i o n (min) 90 83 75 
P r e f e r r e d d i r e c t i o n of mo t ion NE NE ESE 
P r e f e r r e d d i r e c t i o n o f t u r n L e f t R i g h t N o t u r n 
Average number o f d e g r e e s t u r n (when t u r n i n g ) i n 
p r e f e r r e d d i r e c t i o n 12 17 0 
P r e f e r r e d t ime of d a y , CST 1200-2400 1200-1800 0000-1800 
Average r e f l e c t i v i t y a t f o r m a t i o n (mm6m - 3) 5 .6 x 1 0 2 5 . 1 x 10 2 4 . 6 x 1 0 2 
Average r e f l e c t i v i t y a t h a i l t i m e ( 1 ) (mm6m - 3) 2 .6 x 1 0 5 4 . 6 x 1 0 5 5 .2 x 1 0 4 
Average r e f l e c t i v i t y a t d i s s i p a t i o n (mm6m - 3) 3 . 5 x 1 0 3 9 . 1 x 102 2 . 6 x 1 0 3 
Average t o p h e i g h t f o r e cho d u r a t i o n ( 1 0 3 f t ) 38 36 19 
Average t o p h e i g h t a t h a i l t i m e ( 1 ) ( 1 0 3 f t ) 3 7 3 8 2 0 
( 1 ) H a i l t ime i s t h e a v e r a g e t ime from echo i n c e p t i o n u n t i l f i r s t h a i l . 
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The s tat ionary frontal hail-echo model (Table 4) is shown by i t s 
r e f l ec t iv i ty and height values to be a strong vigorous storm. This is not 
unexpected, because a large number of damaging I l l i n o i s hailstorms were 
produced under s tat ionary frontal conditions. 
The typical hailstorm produced by low conditions is the weakest and 
shor tes t lived of the three synoptic weather models. These storms exhibit 
a capabil i ty of producing h a i l fa i r ly quickly af ter echo formation, but in 
turn the echo l i f e is considerably shorter than those of the other models. 
In general , the values in Table 4, which are considered to be models 
of I l l i n o i s h a i l echoes, appear to be reasonable because they are in agreement 
with pr ior findings on surface h a i l , i n s t a b i l i t y with severe weather, and the 
mechanics of hailstorm development. 
TPS-10 Radar-Echo Computer Analyses 
Results for the eight echoes in the 221 minutes of digi t ized radar data 
are too exhaustive to allow a detai led presentat ion. All the d ig i t ized data 
have been completely processed to get "corrected data" tapes , and detailed 
f ina l analysis is near completion for the echoes. 
Selected resu l t s for two of the h a i l echoes are presented to i l l u s t r a t e 
the types of computer outputs being obtained and analyses thereof. One echo 
was one of a series of isolated small hailstorms on 23 September 1968 (Changnon, 
1970), and the other was a large prefrontal echo that produced major hai ls t reaks 
on 22 June 1969. 
The ha i l echo analyzed on 23 September (Fig. 2) was small in ve r t i ca l 
extent (maximum top of 18,000 f t ) and produced sparse h a i l ranging from 1/4 
to 1/2 inch in diameter and three hai ls t reaks (ranging in length from 2 miles 
to 6 miles) . In contrast , the h a i l echo on 22 June was large in ve r t i ca l 
extent (tops to 44,000 f t ) and produced two hai ls t reaks (one 3 miles in length 
and one 20 miles in length) with many stones ranging from 1/4 to 1-1/2 inches 
in diameter, the majority between 1/2 and 1 inch in diameter. The maximum 
rain rate at gages being affected by the ha i l echoes was 0.60 inch/hour on 
23 September and 3.7 inch/hour on 22 June. The freezing level on both days 
was located at 12,000 f t . 
Figure 5 shows selected Calcomp height-time plots of the 22 June echo 
for a 6.7-minute period. This figure adequately demonstrates the considerable 
va r i ab i l i ty of echo charac ter is t ics that occurs with time and a l t i t ude . For 
example, the areas of the 105.0 contour at 1710:38 at 12,000 and 24,000 ft are 
considerably different (≈ 2.0 square miles at 12,000 as compared to ≈ 20 square 
miles at 24,000 f t ) . Also shown is the appearance of additional 1 0 5 . 0 contours 
at 12,000 ft between 1710:38 and 1714:10 CDT. Hail was not fal l ing at 1707, 
but h a i l was occurring at 1710, and a second h a i l f a l l area had appeared 3 miles 
to the southeast of the f i r s t by 1714. Comparison of the h a i l f a l l locations 
with the i r ref lec t ive plots at the different levels reveals that at the surface 
the h a i l areas are both near the forward edge where Ze gradients are sharp, and 
that at both 1710 and 1714 the surface h a i l f a l l areas are positioned in or very 
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Figure 5. Computer generated CAPPI plots of Ze (in half orders of magnitude 
for Ze ≥ 103) at depicted times and altitudes for 22 June 1969. 
The center outline shows an example of the radials used in the 
change of reflectivity analyses. The distance marks on the 
radials are spaced 1 mile apart. 
The c e n t e r o u t l i n e ( 1 2 , 0 0 0 f t a t 1710 :38 ) was chosen t o d e m o n s t r a t e 
some o f t h e computer c a l c u l a t i o n s o f Z e b e i n g pe r fo rmed a t v a r i o u s l o c a t i o n s 
w i t h i n each echo b e i n g s t u d i e d . These c a l c u l a t i o n s a r e computed f o r p o i n t s 
a long each 4 5 - d e g r e e r a d i a l drawn from t h e c a l c u l a t e d c e n t r o i d o f t h e h i g h e s t 
Z e c o n t o u r l e v e l . The r e s u l t s i n Tab le 5 f o r t h e 0 - d e g r e e , 1 3 5 - d e g r e e , and 
1 8 0 - d e g r e e r a d i a l s o f t h i s echo ( F i g . 5 a t 1710 :38) r e v e a l t h e e c h o e x t e n d e d 
beyond 6 m i l e s . However, o n l y t h e c a l c u l a t i o n s f o r t h e f i r s t 6 m i l e s from 
t h e c e n t r o i d were shown. Va lues l e s s t h a n 1 0 3 . 0 o c c u r n e a r t h e edge o f e c h o e s 
when t h e compute r i n t e r p o l a t e s be tween t h e edge p o i n t s and a r t i f i c i a l z e r o e s 
used t o t e r m i n a t e t h e c a l c u l a t i o n s . I n a d d i t i o n t o t h e c a l c u l a t i o n s o f t h e 
Z e a t 1 / 2 - m i l e i n t e r v a l s o n r a d i a l s , computer l i s t i n g s a r e made o f t h e change 
i n Z e ( i n r e a l numbers and i n o r d e r s o f m a g n i t u d e ) be tween t h e 1 / 2 - m i l e p o i n t s . 
Tab le 5 . - Z e i n t h e form "Log10 Z e " a t h a l f - m i l e l o c a t i o n s on t h e r a d i a l s 
p l o t t e d o n t h e c e n t e r d iagram o f F i g u r e 5 . The o r i g i n o f t h e 
r a d i a l s i s l o c a t e d a t t h e c e n t r o i d o f t h e 1 0 5 . 0 c o n t o u r . 
0 5.469 5 .469 5.1+69 5.469 5.469 5.469 5.469 5.469 
0 . 5 5.139 5 .065 5 .110 5 .122 5 .237 5 .247 5 .383 5 .276 
1 4 .809 4 .752 4 .816 4 .859 5 . 0 0 1 4 .773 4 .486 4 .616 
1.5 4 .647 4 . 5 4 7 4 .610 4 .680 4 .808 4.452 4 .266 4 .514 
2 4 . 6 7 1 4 .502 4 . 4 8 4 4 . 5 5 4 4 .653 4 .334 3.815 4 .479 
2 . 5 4 .706 4 .469 4 .420 4 .452 4 .505 4.146 1.306 4 .279 
3 4 . 7 0 1 4 .436 1 .614 2 .696 4.499 3 .937 3.919 
3 .5 4 .706 4 .199 1.782 3 .268 4 .494 3.652 3 .438 
4 4 .695 3 .675 1.022 3 .673 4 .486 3.336 0 .156 
4 . 5 4 . 6 2 1 2 .990 3.800 4.476 0.649 
5 4 .530 1.616 4 . 0 7 7 4 .467 
5 . 5 4 .503 0 . 3 7 6 4 . 3 3 4 4 . 4 7 3 
6 4 .505 4 .039 4 .480 
A n o t h e r example o f t h e t y p e s o f c o m p u t e r - p r o d u c e d r e s u l t s b e i n g o b t a i n e d 
i s r e v e a l e d i n T a b l e s 6 and 7 . These p r e s e n t t h e t o t a l volume o f s e l e c t e d 
r e f l e c t i v i t i e s and t h e number o f d i s t i n c t ( s p a t i a l l y s e p a r a t e ) h a i l o c c u r r e n c e s 
f o r s h o r t p e r i o d s o f t i m e d u r i n g t h e l i f e t i m e o f each h a i l e c h o . Comparison o f 
t h e two t a b l e s i l l u s t r a t e s i n t e n s i t y o f t h e two h a i l e c h o e s . F o r e x a m p l e , t h e 
maximum volume shown f o r t h e echo on 22 June ( T a b l e 6) was more t h a n 1,000 
c u b i c m i l e s whereas t h e maximum volume on 23 Sep tember ( T a b l e 7) was a p p r o x i m a t e l y 
430 c u b i c m i l e s . I n v e s t i g a t i o n o f a h i g h e r r e f l e c t i v i t y ( 1 0 4 . 0 ) r e v e a l s t h a t 
c l o s e t o t h e h i g h e s t r e f l e c t i v i t i e s shown a t 12 ,000 and 24 ,000 f t . However , 
a s a l s o i l l u s t r a t e d i n F i g u r e 5 , h a i l f a l l s o c c u r o u t s i d e t h e a r e a s o f h i g h e s t 
r e f l e c t i v i t y . 
- 1 4 -
- 1 5 -
the maximum volume va r i e s from 46 cubic miles on 23 September 1968 to almost 
580 cubic miles on 22 June 1969. 
Table 6. Volumes (mi3) of s p e c i f i e d r e f l e c t i v i t i e s of the h a i l echo 
on 22 June 1969, time of occur rence , and the number of 
occurrences of surface h a i l a t t h a t t ime. 
1707:29 0 637.71 363.20 345.38 266.70 0.20 0.20 
1709:05 1 977.02 715.85 541.28 271.07 50.02 27.83 
1710:38 1 921.93 671.11 526.12 199.75 47.61 1.57 
1712:17 2 1,005.96 696.61 535.74 179.30 62.88 
1714:10 2 953.05 618.19 482.76 116.28 51.36 
1715:55 1 1,038.71 720.56 578.15 137.21 77.94 
Table 7. Volumes (mi ) of s p e c i f i e d r e f l e c t i v i t i e s of the h a i l echo 
on 23 September 1968, the time of occur rence , and the 
number of occurrences of surface h a i l at t h a t t ime. 
1148:16 1 302.08 48.81 
1150:21 2 425.77 71.24 8.08 1.64 
1151:53 3 423.35 93.00 21.32 2.99 0.40 
1153:51 2 421.35 118.34 46.60 14.42 13.76 .08 
1155:47 2 431.15 66.74 15.28 
1157:49 2 408:36 6.97 
1200:10 1 313.24 1.83 
1202:20 1 344.67 8.13 
1204.08 1 339.12 45.65 10.64 
1206:08 1 321.66 46.23 14.99 
1208:00 1 323.17 
1209:56 1 335.72 0.23 
1211:42 1 290.68 0.48 
1213:19 0 273.83 0.79 
1215:07 0 283.34 0.57 
1217:01 0 196.02 
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Figure 6 is a plot based on the volumes of selected echo r e f l e c t i v i t i e s 
located between 0 degrees C and -20 degrees C for both h a i l echoes. This 
figure allows a comparison of the volumes in the same temperature range and 
where ha i l formation was l ikely occurring. The top of the echo on 23 September 
did not reach the -20-degree C l eve l . Also note that the abscissa scale is 
different for the two echoes. 
The selected examples demonstrate a few of the many analyses that can 
be pursued at re la t ive ly low cost by computer processing of the quantified RHI 
radar data. Although the effect of attenuation is neglected and the data have 
limited s ignal in tegra t ion , comparison of these two echoes at h a i l time 
i l l u s t r a t e s the extreme variat ion in the sizes of ha i l echoes in I l l i no i s and 
indicates the complexity of the problem of invest igat ing radar character is t ics 
of h a i l echoes. The' rapid changes in echo volume during periods of 5 minutes 
or less are also in teres t ing r e s u l t s . 
In addition to the ha i l r e f l ec t iv i ty r e s u l t s , th is analysis has proven 
that d igi t iz ing and computer-analyzing of radar data are desirable from the 
standpoint of reducing analysis time and cost. The equipment used in t h i s 
analysis reduced the cost to one-tenth that of a comparable hand analysis. 
The logical extension of th is analysis is to e lec t ronica l ly scan and dig i t ize 
the film or d ig i t a l ly record the radar data in computer format. 
Even with the rapid cycling used to col lect these data, there are some 
echo continuity problems in large unorganized storm systems which wi l l make 
on-line computer analysis of these systems more complex than original ly 
suspected. 
Study of Temporal Variations in Echo Tops and Bases 
The numerous echoes that occurred on the network on 22 June 1969 were 
selected for a special height-time study of the echo tops and bases. The previous 
research using PPI data indicated (Table 3 and Fig. 4) that hail-producing echoes 
were generally t a l l e r than no-hail echoes throughout t he i r durations. The 
purpose of th i s par t i cu la r echo top-base study was to check these ea r l i e r PPI 
resu l t s against those from the rapid scan RHI data. 
During a 2-hour period (1613-1809 CDT) on 22 June, a t o t a l of 51 echoes 
formed over the network. During th i s period, seven hai ls t reaks occurred, but 
three of these were with echoes badly attenuated and not analyzed. Two echoes, 
each producing a single ha i l s t r eak , could be analyzed along with another echo 
that produced two large ha i l s t r eaks . The data sample included 53 other echoes 
that did not produce h a i l . 
The bases and tops of each echo, as indicated on maximum radar s ens i t i v i t y , 
were measured at the time of " f i r s t echo." F i r s t detection of par t ic les 
suff icient in size and number to produce an echo was limited by the radar 
sampling frequency of 100 seconds. Thus, it is possible that some " f i r s t echoes" 
had been detectable for as much as 90 seconds before the radar scan sampled them. 
Bases and tops of each echo also were measured in every radar sweep (10 to 100 
second) in terva l thereaf ter un t i l the echo dissipated or moved too close to the 
Figure 6. Echo volume (mi3) from 0°C to -20°C of selected reflectivities plotted 
against time for 23 September 1968 and 22 June 1969. Hail is occurring 
at the surface during the indicated times. 
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r a d a r f o r the top to be i n d i c a t e d . The echo- top measured was the h i g h e s t 
p o i n t i n d i c a t e d . However, s ince the " t o p s " of s eve ra l echoes had two or more 
t u r r e t s , the top value for such echoes was determined by averaging the he igh t s 
of a l l t u r r e t s . The lowest po in t of the echo base (bottom) was the value 
measured and considered to be the echo base va lue . 
No-Hail Echoes. The 48 n o - h a i l echoes were s o r t e d and c lassed i n t o 
5 ,000- f t he igh t i n t e r v a l s based on the h e i g h t of t h e top of the f i r s t echo . 
F i r s t echo tops occurred over a wide r ange , 13,500 to 28,000 f e e t , and four 
c l a s se s were developed beginning with the 10,000- to 15 ,000-f t i n t e r v a l . The 
number of echoes in each c l a s s is shown in Table 8. Average values for 
dimensions and times of the f i r s t echo, the maximum echo top s t a g e , and the 
d i s s i p a t i o n s t age were c a l c u l a t e d (Table 8 ) , and the echo top c h a r a c t e r i s t i c s 
fo r the echo dura t ions were c l a s s i f i e d to der ive models of the echoes in each 
c l a s s . The seven echo top c h a r a c t e r i s t i c s d iscerned are l i s t e d in Table 9 
along with the frequency of echoes for each c h a r a c t e r i s t i c l i s t e d according 
to each f i r s t echo top he igh t c l a s s . Echoes in the two lower c lasses 
(10,000-15,000 and 15,000-20,000 f t ) favored some growth followed by recess ion 
or l eve l i ng u n t i l d i s s i p a t i o n . Most echo tops (15 of 23) in the 20,000- to 
25 ,000- f t c l a s s were e i t h e r l e v e l for 6 to 10 minutes followed by downward motion 
or were going downward cont inuous ly . Six of the e i g h t echoes with f i r s t echo 
tops in the 25,000- to 30,000-f t c lass descended from the f i r s t echo he igh t 
before becoming l e v e l 5 to 7 minutes a f t e r t he f i r s t echo and remaining l e v e l 
u n t i l d i s s i p a t i o n . The t o t a l s r evea l t h a t only 15 of the 48 no -ha i l echo tops 
had any upward motion. 
The averages in p r e f e r r ed echo top c h a r a c t e r i s t i c s were used to develop 
average p r o f i l e s or models for each c lass ( F i g . 7 ) . The two lower formation 
c l a s s e s were s h o r t l i v e d , 5 and 8 minutes , r e s p e c t i v e l y , from f i r s t echo to 
d i s s i p a t i o n , and some had a sho r t per iod of top growth. However, r adar de t ec t ab l e 
p a r t i c l e s never reached the ground in any of these 17 echoes . There were 23 
echoes with f i r s t echo tops between 20,000 and 25,000 f t , making t h i s c l a s s the 
l a r g e s t . These echoes exh ib i t ed very l i t t l e v e r t i c a l growth, but l a s t e d longer 
(28 minutes) than any o ther echo c l a s s . Echo bases in t h i s c l a s s , and in the 
h ighe r c l a s s e s , reached the ground in 6 to 8 minutes a f t e r formation. 
I n t e r e s t i n g l y , the depths ( top to base) of f i r s t echoes (Table 8) inc reased with 
the i nc rea s ing he igh t of echo c l a s s . For i n s t a n c e , the average depth of f i r s t 
echo in the lowest he igh t c l a s s was 5,000 f t , whereas t h a t for the f i r s t echo 
tops above 25,000 ft was 8,800 f t . 
In g e n e r a l , t hese widely d i f f e r e n t n o - h a i l echo c l a s se s revea led varying 
forms and degrees of convect ion. Analysis of t h e i r formation time shows t h a t 
s i x of the e i g h t l a r g e s t echoes (> 25,000 f t ) developed in the second hour of 
a c t i v i t y (1701-1800 CDT). Echoes with f i r s t echo tops in the 10,000- to 20 ,000-f t 
c l a s s e s r epresen ted most of the echoes in t h e f i r s t h a l f hour (1601-1630) of 
a c t i v i t y . After 1630 and u n t i l 1730 the occurrence of f i r s t echoes of varying 
s i z e s was randomly d i s t r i b u t e d with t ime . 
Although the top and base c h a r a c t e r i s t i c s of the t a l l e r (> 25 ,000-f t tops) 
f i r s t echoes d i f fe red somewhat, very few e x h i b i t e d any growth a f t e r formation. 
Most of the n o - h a i l echoes had dura t ions of l e s s than 20 minu te s , and only three 
l a s t e d 40 minutes . 
Table 8. Average values for four c l a s se s of 
n o - h a i l echoes on 22 June 1969. 
10-15 3 14.0 9.0 5.0 16.0 2.0 13.7 8.0 5.0 
15-20 14 17.9 10.7 7.2 20.3 4.5 18.0 6.0 8.0 
20-25 23 22.6 14.2 8.4 8.5 23.0 6.0 15.0 0.0 28.0 
25-30 8 26.2 17.4 8.8 6.5 26.2 0.0 20.0 0.0 23.0 
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Figure 7. Average echo top-base profiles for different echo classes 
based on first echo tops on 22 June 1969. 
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Tab le 9 . F requency o f n o - h a i l echo t o p mot ion c h a r a c t e r i s t i c s 
f o r d i f f e r e n t e cho t o p c l a s s e s . 
Up t h e n down, same r a t e 3 4 0 0 7 
U p t h e n l e v e l 0 3 1 0 4 
U p r a p i d l y t h e n down s l o w l y 0 1 2 1 4 
L e v e l 0 4 5 1 10 
Down, 0 2 7 2 11 
L e v e l t h e n down 0 0 8 0 8 
Down t h e n l e v e l 0 0 0 4 4 
H a i l E c h o e s . The p r o f i l e s o f t h e t h r e e h a i l - p r o d u c i n g echoes on 22 June 
a p p e a r i n F i g u r e 8 . The a p p r o p r i a t e n o - h a i l echo p r o f i l e s , b a s e d o n t h e h e i g h t 
o f t h e t o p o f t h e f i r s t e c h o ( h a i l ) , a r e a l s o shown f o r each h a i l e c h o t o 
examine f o r d i f f e r e n c e s be tween h a i l and n o - h a i l e c h o e s . A l so shown a r e d u r a t i o n s 
f o r h a i l s t r e a k s , i n c l u d i n g t h e 2 s t r e a k s o f h a i l e cho 2 . The f i r s t c o n c l u s i o n 
i s t h a t f i r s t echo h e i g h t a l o n e i s n o t a h a i l - e c h o d i s t i n g u i s h i n g f a c t o r s i n c e 
1 7 n o - h a i l echoes had h i g h e r t o p s t h a n h a i l e cho 2 , t h e h i g h e s t o f t h e t h r e e h a i l 
e c h o e s . A s econd c o n c l u s i o n i s t h a t t h e t h r e e h a i l e c h o e s were n o t a l i k e i n 
echo top b e h a v i o r , d u r a t i o n , o r s t a g e when h a i l f e l l . I n d e e d , t h e t h r e e h a i l 
e c h o e s a p t l y i l l u s t r a t e t h e c o n s i d e r a b l e v a r i a b i l i t y t h a t e x i s t s i n h a i l - p r o d u c i n g 
s t o r m echoes w i t h i n a r e s t r i c t e d t ime and a r e a . C e r t a i n l y , h a i l e cho 2 ( a l s o 
i l l u s t r a t e d i n F i g s . 5 and 6 ) i s a ma jo r s to rm o f g r e a t v e r t i c a l d e v e l o p m e n t , 
a r e a l s i z e , and d u r a t i o n . However, h a i l echo 1 had o n l y a s l i g h t l y lower t o p 
( 3 , 0 0 0 f t ) , b u t n e v e r e v i d e n c e d any g r e a t v e r t i c a l g r o w t h , and s u r f a c e h a i l 
began 6 m i n u t e s a f t e r t h e f i r s t echo r a t h e r t h a n 2 8 m i n u t e s ( e c h o 2 ) . 
The t h r e e h a i l - p r o d u c i n g echoes d i d e x h i b i t c e r t a i n c h a r a c t e r i s t i c s t h a t 
were n o t a p p a r e n t i n t h e 5 3 n o - h a i l e c h o e s . Comparison o f t h e f i r s t echo dep th 
( t o p t o b a s e ) r e v e a l s t h a t a l l t h r e e h a i l echoes h a d e x c e p t i o n a l l y g r e a t e r dep th 
a t f i r s t d e t e c t i o n , i n d i c a t i n g a much g r e a t e r volume o f d e t e c t a b l e p a r t i c l e s t o 
lower e l e v a t i o n s w i t h i n t h e c loud t h a n d i d n o - h a i l e c h o e s . C o n s e q u e n t l y , t h e 
b a s e s o f t h e h a i l - p r o d u c i n g echoes r e a c h e d t h e g round much s o o n e r t h a n t h e model 
v a l u e s . None o f t h e n o - h a i l echoes w i t h t o p s forming i n t h e 2 0 , 0 0 0 - 2 5 , 0 0 0 - f t 
r ange had f i r s t echo d e p t h s a s g r e a t a s t h o s e w i t h h a i l echoes 1 and 2 , and t h e 
9 , 5 0 0 - f t dep th on h a i l e cho 3 exceeded any measured f o r t h e 15 ,000 -20 , 0 0 0 - e c h o 
t o p c l a s s . 
Al though h a i l e choes 1 and 3 d i d n o t e x h i b i t e x c e p t i o n a l v e r t i c a l growth 
a f t e r f o r m a t i o n , t h e i r maximum t o p s were 3 ,000 f t h i g h e r t h a n t h e i r f i r s t e c h o . 
Th i s d i f f e r e n c e i s c o n s i d e r a b l y more t h a n t h a t a c h i e v e d b y n o - h a i l e choes i n 
t h e i r c l a s s e s ( T a b l e 8 ) . 
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Figure 8. Profiles of three hai1-producing echoes on 
22 June 1969. 
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Finally, the hail-producing echoes a l l had durations much greater than 
the i r associated models shown on Figure 8. Hail echoes 1 and 2 persis ted 
longer than any no-hail echo on 22 June (although dissipation time of echo 2 
was unknown), and ha i l echo 3 lasted at least 28 minutes which is longer than 
any of the 17 no-hai l echoes that had f i r s t echo tops below 20,000 f t . 
In conclusion, hailstorm detection by radar on 22 June could have been 
accomplished on three c r i t e r i a : 
1. Depths of f i r s t echoes for hailstorms were much greater 
than those for no-hail echoes. 
2. Hail echoes exhibited greater growth than comparable 
( f i r s t echo) no-hail storms. 
3. Hai l echoes p e r s i s t e d much longer than n o - h a i l echoes 
having comparable f i r s t echo t o p s . 
PERSONNEL 
During most of the p r o j e c t Ne i l G. Towery served as p r o j e c t r ada r 
me teo ro log i s t . He made s i g n i f i c a n t con t r ibu t ions in a l l phases of the p r o j e c t 
inc luding the r ada r o p e r a t i o n s , h a i l data a n a l y s i s , and r ada r data a n a l y s i s . 
He was preceded by Ronald E. Rinehar t who capably a s s i s t e d from August 1968 
through Apri l 1969. 
The ex tens ive and d i f f i c u l t computer programming r equ i r ed for t h i s 
p r o j e c t was handled competently by Car l Lonnquist of the Survey s t a f f . His 
i n t e r e s t and pa t i ence are g r e a t l y apprec ia t ed . 
Mrs. Edna Anderson performed the rou t ine ca ta loging and ana lys i s of the 
h a i l network d a t a , and s e rv i c ing of the h a i l network was ap t ly handled by 
Daniel Watson and Eberhard Br ieschke . Mr. Brieschke a l so aided Mrs. P h y l l i s 
Stone in the d i g i t i z i n g of the r ada r film da ta i n t o punch ca rds . Mr. Joe Coons 
performed rou t ine radar maintenance and c a l i b r a t i o n s . 
Several s tuden t employees were involved in the r e sea rch . Mr. Timothy 
Lewis, a graduate s tuden t in cl imatology at the Univers i ty of I l l i n o i s , made a 
s p e c i a l study of RHI echo bases and t o p s . Mr. David Brunkow, an advanced 
undergraduate in e l e c t r i c a l eng inee r ing , a s s i s t e d in the r ada r se rv ic ing and 
in maintenance of the h a i l network equipment. Miss Deborah Hunt, an undergraduate 
in sc ience educa t ion , worked on the c o l l e c t i o n and ana lys i s of the h a i l network 
da ta . 
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In a d d i t i o n , two o ther publ i shed p a p e r s , al though acknowledged to NSF 
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1. Changnon, S. A . , 1970: H a i l s t r e a k s . Jou rna l of Atmospheric Sc i ences , 
27, 109-125. 
2. Changnon, S. A . , 1970: Major Hails torms Retrace T r i - S t a t e Tornado Track 
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A n a t i o n a l news r e l e a s e about the r a d a r - h a i l research p r o j e c t was made 
in February 1970, and a r t i c l e s appeared in more than 100 newspapers. Some of 
the newspapers t h a t c a r r i e d the s t o r y inc luded the "New York Times," "Chicago 
Tr ibune , " and the " S t . Louis Pos t -D i spa t ch . " 
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APPENDIX 
Echo Card to Tape Program 
The purpose of the echo card to tape program (see drawing) is to 
r e c o n s t r u c t the echo r e f l e c t i v i t i e s from the d i g i t i z e d r ada r f i lm. The 
d i g i t i z e d boundary for each radar s e n s i t i v i t y l e v e l i s read from the cards 
and t r a c e d in an a r ray with s p e c i a l c h a r a c t e r s . A scan of the a r ray permi ts 
the l abe l ing of a l l the i n t e r i o r p o i n t s (1000-f t increments) wi th in each 
contour . 
Using the r ada r c a l i b r a t i o n , a minimum and maximum r e f l e c t i v i t y is 
computed for each s e n s i t i v i t y l e v e l . A smooth r e f l e c t i v i t y surface is 
genera ted using these l i m i t s . The r e f l e c t i v i t i e s are then cor rec ted for 
range and are ready to be s t o r e d on tape with t h e i r i d e n t i f i c a t i o n . The 
echoes s t o r e d on magnetic tape are in a r rays r ep re sen t i ng v e r t i c a l cross 
s e c t i o n s for every 2° of azimuth. Each array contains r e f l e c t i v i t i e s a t a l l 
1000-ft increments from 15 to 60 mi les in range and from 0 to 59,000 ft in 
a l t i t u d e . The da ta are now in a format t h a t permi ts many computer a n a l y s e s , 
two of which are descr ibed below. 
CAPPI Echo P l o t t i n g Program 
The CAPPI echo p l o t t i n g program (see drawing) p repares h o r i z o n t a l 
contoured cross s e c t i o n s of the radar echoes s t o r e d on t a p e . P l o t s are 
usua l ly obtained for every 2000-ft l e v e l with r e f l e c t i v i t y contour l i n e s 
drawn at each h a l f order of magnitude. 
For each p l o t the requ i red da ta are read from the echo tape and an 
array cons t ruc ted which contains r e f l e c t i v i t y values for every 2° azimuth 
and 1000-f t in range . This r e f l e c t i v i t y ar ray d iv ides the echo map i n t o 
small 4-s ided areas as formed by adjacent range and azimuth l i n e s . Each of 
these areas i s examined to determine i f a contour l i n e passes t h r u i t . I f 
the four r e f l e c t i v i t y values surrounding the a rea are in the same h a l f order 
of magnitude range no l i n e is p r e s e n t . When the surrounding values l i e on 
both s i d e s of a contour l e v e l of r e f l e c t i v i t y , the l oca t i on of the contour 
is i n t e r p o l a t e d from the r e f l e c t i v i t y v a l u e s , and the l i n e segment contained 
in the a rea is p l o t t e d on the CALCOMP. The l i n e segments from adjacent areas 
j o in to form complete con tours . 
In a d d i t i o n , l o c a t i o n a l information on any h a i l areas for the time of 
the CALCOMP p l o t is i n s e r t e d and p l o t t e d . 
Echo Volume - Gradient Analysis Program 
The echo volume - g r a d i e n t a n a l y s i s program is used to c a l c u l a t e echo 
volume and r e f l e c t i v i t y g rad i en t s t a t i s t i c s from the r a d a r echo tapes (see 
drawing) . 
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ECHO CARD TO TAPE PROGRAM 
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ECHO VOLUME-GRADIENT ANALYSIS PROGRAM 
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After a study of the CAPPI maps prepared by the echo plot program, 
the user specif ies the range and azimuth l imits of echoes selected for 
analysis . The echo tape is scanned and a three dimensional r e f l ec t iv i ty 
array is constructed within the memory of the computer. Echoes or portions 
of echoes can be eliminated by specifying t he i r range and azimuth l im i t s , 
i f desired. 
Reflect ivi ty area values are printed for each specified height l eve l , 
and a reflectivity-volume table is printed for the ent i re echo. At each 
specified height , gradients are also calculated from the computed centroid 
of the highest r e f l ec t iv i ty area in eight directions based on re f l ec t iv i ty 
values at each 1/2 mile i n t e rva l s . Tables of these gradients are printed 
along with tables of average re f lec t iv i ty values for a l l directions at 
designated distances from the centroid. 
Additional ins t ruct ions allow the same analyses to be preformed on 
individual cores within the larger echo. These are also defined from the 
CAPPI maps. 
